Abstract: Simultaneous conversion of the two orthogonal phase components of an optical input to different output frequencies has been demonstrated by simulation and experiment. A single stage of four-wave mixing between the input signal and four pumps derived from a frequency comb was employed. The nonlinear device was a semiconductor optical amplifier, which provided overall signal gain and sufficient contrast for phase sensitive signal processing. The decomposition of a quadrature phaseshift keyed signal into a pair of binary phase-shift keyed outputs at different frequencies was also demonstrated by simulation. 
Introduction
Four-wave mixing in nonlinear optical devices is a well-known mechanism for the phasesensitive amplification or frequency conversion of signals, two processes that have important applications in telecommunications. Here it is shown, by both simulation and experiment, that an input signal can be separated into two phase components and simultaneously frequency converted by mixing the signal with a four-tooth frequency comb as the pumps. The signal can, in effect, be resolved with high contrast into orthogonal phasors, each of which is converted to a different output frequency. Thus, as confirmed in a further simulation, a quadrature phase-shift keyed (QPSK) signal can be separated, or demultiplexed, into two binary phase-shift keyed (BPSK) outputs. Decomposition of QPSK is normally accomplished by a coherent receiver which converts the orthogonal phase components into a pair of electrical signals, but in this scheme the output signals remain in the optical domain. The signals could, for example, be separated at a network branch point for onward transmission to different destinations. Converting the modulation format to BPSK generates signals that have the advantage of being simpler to detect, each requiring only a single-bit delay interferometer and a direct-detection receiver. Resolving the signal into its orthogonal components could also serve as the phase regeneration stage in an all-optical QPSK regenerator [1] [2] [3] [4] .
One type of phase-sensitive amplifier (PSA), suitable for BPSK signals, employs two pumps with frequencies symmetrically placed about the signal frequency [5, 6] . It has recently been shown that phase-sensitive amplification of QPSK signals is also possible by using an asymmetrically placed pair of pumps to create a four-step phase transfer response [3, 4] . With either arrangement, the mixing products generated at the signal frequency only add constructively and enhance the signal when the signal and the pumps have the correct phase relationship. In general, phase selectivity requires the signal to beat with more than one pump (unless the pump and signal share the same frequency [7, 8] ). Frequency conversion using four-wave mixing can also be made phase sensitive if multiple pumps are employed [9] . Phase discrimination is potentially greater in a frequency converter than in a frequencymaintaining PSA, because the original signal can be filtered out.
Principle
In the scheme reported here, four pumps form a phase-locked frequency comb with spacing 2∆f (i.e. with frequencies −3∆f, −∆f, +∆f and +3∆f relative to the comb center). The frequency of the input signal is midway between the two highest pump frequencies (i.e. at +2∆f). Mixing in a nonlinear device generates many modulation products with ∆f frequency spacing (Fig.  1a) . The signals produced between the central pair of pumps and between the lowest frequency pair are chosen as the outputs (0 and −2∆f). By choosing the appropriate powers and phases for the pumps, these outputs can be made to vary in proportion to the orthogonal phase components of the signal. Furthermore, if the signal is modulated with the QPSK format, the outputs become modulated with the two BPSK signals into which it may be decomposed. (Gray code QPSK is identical to 4QAM and is the sum of two orthogonal input signals [10] .) In a coherent receiver, a 90° hybrid optical coupler followed by differential detectors is used to convert QPSK into two electrical signals. Here, the outputs take the form of optical signals separated in frequency. As with coherent detection, phase locking is required, in this case between the signal and the pump comb. The nonlinear optical mixing elements used in this work were semiconductor optical amplifiers (SOAs), which are rarely employed in phase-sensitive applications [8] , but it is likely that other nonlinear devices could produce similar results. The use of SOAs here provided overall signal gain and sufficient contrast for phase sensitive signal processing while requiring only sub-milliwatt input powers and avoiding problems caused by stimulated Brillouin scattering (SBS). In an alternative arrangement (Fig. 1b) , a pair of nonlinear devices is placed in the arms of a symmetrical Mach-Zehnder interferometer (MZI), which is equivalent to the use of a Sagnac interferometer in the single-pump degenerate PSA [7, 8] . The advantage is that the two output signals and other modulation products generated at even multiples of ∆f appear at one output port, while the products at odd multiples of ∆f, including the amplified pumps, appear at the other. The demands placed on the output filters are consequently eased. An additional benefit is that both arms of the input coupler are used and so none of the input signal or pump power is lost.
Implementation and results
The version of the scheme shown in Fig. 1a was tested using a continuous tone with variable phase as the input signal, firstly by simulation and secondly by experiment. Then a further simulation with the arrangement shown in Fig. 1b was carried out using a QPSK-modulated input signal.
Simulation with a CW input signal
The SOA was simulated by a multi-section time-domain model of the carrier dynamics within the device, similar to that described in [11, 12] , but with the following additional features. The temporal and longitudinal variations of the carrier temperature in response to the internal optical power levels were calculated using rate equations similar to those used to represent the carrier density. The approximation to the gain spectrum introduced in [13] was employed to enable the gain and ASE spectra to be represented efficiently as functions of both time and distance along the SOA. The main parameters of the simulated device are shown in Table 1 . The pump inputs constituted an 80GHz-spaced frequency comb with four "teeth" (spectral lines) centered on a reference frequency of 192THz (1560nm). The input signal was placed at + 80GHz, midway between two of the comb teeth (Fig. 2a) . These five inputs were combined to form a complex equivalent-baseband time-domain input to the SOA model. The output of the simulation was Fourier transformed to obtain the output spectrum. The output frequencies were defined as −80 and 0GHz relative to the reference frequency, the centres of the two remaining gaps in the pump comb. An optimisation routine based on the Nelder-Mead simplex method [14] was used to adjust the powers and phases of the pump inputs to maximize the variation of these output signals as the input signal phase was changed from φ = 0 to φ = π/2.
When the optimization was complete, the SOA output spectra for the two orthogonal input signal phases were calculated. For φ = 0, the power of the −80GHz output was −0.9dBm while the 0GHz output was suppressed by more than 50dB (Fig. 2b) . Conversely, for φ = π/2, the power of the 0GHz output rose to −0.9dBm while the −80GHz output was in turn suppressed by more than 50dB (Fig. 2c) .
Retaining the optimized pump settings, the input signal phase was varied in steps from -π to π and the powers and phases of the two outputs were recorded. The output powers varied in proportion to cos 2 φ and sin 2 φ (Fig. 2d ) and the output phases approximated the step response of an ideal phase regenerator (Fig. 2e) . It follows that the output fields were proportional to cosφ and sinφ, the orthogonal components of the input signal.
Experiment with a CW input signal
The scheme shown in Fig. 1a was tested experimentally by generating a frequency comb with individually variable teeth, passing it through a nonlinear SOA and observing the result on an optical spectrum analyzer. A mode locked semiconductor laser (u 2 t Picosecond Laser Source) driven by a 42.6GHz RF input provided a comb, which was passed through a programmable filter (Finisar Waveshaper 1000s) configured to control the amplitude and phase of each tooth. The teeth with frequencies ± 42.6 and ± 127.8GHz relative to the central tooth at 192.8THz (1555nm) were used as the four pumps and the tooth at + 85.2GHz was used as the signal (Fig. 3a) . Other teeth in the comb were attenuated by approximately 50dB. Signal and pumps mixed in a nonlinear SOA (NL OEC 1550 from CIP Technologies) with the properties listed in Table 2 . Spectra were recorded with the phase of the input signal, φ, set to 0 and π/2 radians by the programmable filter. The lines generated at relative frequencies 0 and −85.2GHz were used as the outputs. The amplitudes and phases of the pumps were optimized to maximize the differences between the two output signals, using the same algorithm employed in the simulations. The pump and signal powers measured in the SOA input fiber and the programmable filter phase settings are given in Fig. 3a . Following the optimization, the 0GHz output reached −2.5dBm for the in-phase input signal, φ = 0 radians, and the −85.2GHz output was −8.3dBm for the quadrature input signal, φ = π/2 radians (Figs. 3b, c) . These output powers represent gains of 10.6dB and 4.8dB, respectively, relative to the input signal level. In each case, the unwanted output signal was 26dB less than the wanted output.
Following a second optimization that yielded similar results, the input signal phase was stepped from -π to +π and the two output powers were recorded (Fig. 3d) . In the experiments, the relationship between the output powers and the input phase took the opposite sense to the results of the simulations, but this could easily be modified by the appropriate choice of overall phase reference. In this case, the 0 and −85.2GHz outputs were approximately proportional to cos 2 φ and sin 2 φ respectively. (The 0GHz output also showed a gradual increase during the course of the measurement.) This result is consistent with the input signal being resolved into its in-phase and quadrature components. 
Simulation with a QPSK input signal
A further simulation was carried out to investigate the operation of the scheme with a modulated signal. The arrangement with a nonlinear SOA in each arm of an MZI was used in order to remove the pump lines from the output (Fig. 4) . The signal and the pump comb had the same frequencies as for the previous simulation, but were connected to different input ports of the MZI. Two 128-bit random bit sequences were used to generate a 20GBd RZ QPSK-modulated signal. The SOA parameters were the same as for the previous simulation ( Table 1) . The in-phase and quadrature output signals were extracted by 41GHz (full-width 3dB bandwidth) elliptical filters centered on the relative frequencies −80 and 0GHz, respectively. The two BPSK output signals were differentially demodulated by single-bit delay interferometers to obtain amplitude modulated signals. (Coherent detection would have exaggerated the phase discrimination.) Pump powers and phases were optimized for the best quality output eyes (Fig. 5a ).
The output spectrum before the filters showed that the four-wave mixing process had generated many mixing products carrying the signal modulation (Fig. 5b) . In general, they contained components originating from both the in-phase and quadrature constituents of the signal, except for the two outputs which had been optimized for phase discrimination. The pump comb was suppressed by the MZI. Following the filters and demodulators, the mean powers of the in-phase and quadrature outputs were −2.0dBm and −4.8dBm respectively. Both output eyes showed very low crosstalk (Figs. 5c, d) and comparison of the output waveforms with the differentially decoded input data showed that there were no bit-errors (Fig. 6 ).
Discussion
The experimental spectra (Figs. 3b, c) show that for orthogonal input signal phases, the unwanted output was 26dB below the wanted output. However, there was a 6dB difference in the peak powers reached by each output (Fig. 3d) , which gave rise to an asymmetry in the extinction achieved at each output as the signal phase was varied. The extinction at the inphase output was 32dB, whereas at the quadrature output it was limited to 20dB. These values represent the potential level of crosstalk from the orthogonal phase and are believed to be more than adequate for phase sensitive signal processing. However, the Nelder-Mead optimization algorithm [14] is intended to operate on a function free of random variations. In the experiment, the optimization of the pumps appeared to have been restricted by the repeatability of the spectral measurements, which, together with the better results obtained in simulation, suggests that further improvements are possible.
Implementation of the scheme requires only readily available photonic components. The pump comb may either be derived from a mode-locked laser, as in the experiment described above, or alternatively obtained by RF modulation of a CW source [15, 16] . Narrower linewidths are normally achievable with the latter technique. An arrayed waveguide grating could be used as the programmable filter or a planar lightwave circuit consisting of interleavers and phase shifters could be developed. Integrated MZIs incorporating nonlinear SOAs are already mature components [17] .
Conclusions
These results show that the known uses of four-wave mixing for phase sensitive amplification and phase sensitive frequency conversion may be extended to the simultaneous conversion of the orthogonal phase components of an input signal to separate frequencies. The use of an SOA enabled the nonlinear mixing to be carried out at low input powers, with gain and free from SBS. The simulation and experiment with a CW input signal showed high contrast between the outputs corresponding to the in-phase and quadrature input phases. The variation of these outputs in proportion to cos 2 φ and sin 2 φ as the input phase, φ, was varied implied that the signal was being resolved into its orthogonal components. This was confirmed by the QPSK simulation which showed that the modulated signal could be separated into two BPSK signals with low crosstalk. Consequently, QPSK and other higher level modulation schemes can now be regarded as multiplexing formats that may be readily phase-demultiplexed into a pair of constituent signals. The almost ideal regenerative input phase to output phase characteristic obtained in the simulation suggests that the scheme could be exploited in a QPSK regenerator.
